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H I G H L I G H T S
 Phoneutria nigriventer venom (PNV), known to induce BBB breakdown, increases cav-1 expression.
 The cav-1-labeled capillaries number is higher in PNV-treated P14 rats than in adult rats.
 The number of Purkinje cells expressing cav-1 increases after PNV envenoming.
 The variable age affects cav-1 induction by PNV in the white matter and granular layer.
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A B S T R A C T
Spider venoms contain neurotoxic peptides aimed at paralyzing prey or for defense against predators;
that is why they represent valuable tools for studies in neuroscience ﬁeld. The present study aimed at
identifying the process of internalization that occurs during the increased trafﬁcking of vesicles caused by
Phoneutria nigriventer spider venom (PNV)-induced blood–brain barrier (BBB) breakdown. Herein, we
found that caveolin-1a is up-regulated in the cerebellar capillaries and Purkinje neurons of PNV-
administered P14 (neonate) and 8- to 10-week-old (adult) rats. The white matter and granular layers
were regions where caveolin-1a showed major upregulation. The variable age played a role in this effect.
Caveolin-1 is the central protein that controls caveolae formation. Caveolar-specialized cholesterol- and
sphingolipid-rich membrane sub-domains are involved in endocytosis, transcytosis, mechano-sensing,
synapse formation and stabilization, signal transduction, intercellular communication, apoptosis, and
various signaling events, including those related to calcium handling. PNV is extremely rich in neurotoxic
peptides that affect glutamate handling and interferes with ion channels physiology. We suggest that the
PNV-induced BBB opening is associated with a high expression of caveolae frame-forming caveolin-1a,
and therefore in the process of internalization and enhanced transcytosis. Caveolin-1a up-regulation in
Purkinje neurons could be related to a way of neurons to preserve, restore, and enhance function
following PNV-induced excitotoxicity. The ﬁndings disclose interesting perspectives for further
molecular studies of the interaction between PNV and caveolar specialized membrane domains. It
proves PNV to be excellent tool for studies of transcytosis, the most common form of BBB-enhanced
permeability.
ã 2014 Elsevier Ireland Ltd. All rights reserved.
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The blood–brain barrier (BBB) steady-state is crucial for
preserving the homeostasis of the central nervous system (CNS)
and normal neuronal and glial activity (Bradbury, 1993; Abbott
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adhesion endothelial cell proteins that prevent bi-directional
paracellular diffusion and/or disturbance of the transport proteins
and enzymes that restrict trans-cellular movement of solutes
across the blood–brain border.
The armed-spider Phoneutria nigriventer (Araneae, Ctenidae),
also known as the wandering spider or armed-spider, is responsi-
ble for a great number of accidents in the Southeast of Brazil. The
majority of accidents only cause local pain and edema (89.8%). Less
than 0.5% of cases are considered severe, involving systemic
neurotoxic manifestations such as tremors, convulsions, spastic
paralysis, priapism, cardiovascular arrhythmia, intense sudoresis
and visual disturbances (Brazil and Vellard, 1925; Bucaretchi et al.,
2008). These symptoms appear to be more severe in children
(Bucaretchi et al., 2000). P. nigriventer venom (PNV) contains
several types of simple peptides, capable of blocking Ca2+ and K+
channels and delaying inactivation of Na+ channels, consequently
affecting neurotransmitter handling (Gomez et al., 2002; Love and
Cruz-Höﬂing, 1986).
In the brain of rats, data have shown that increased trans-
endothelial vesicle trafﬁcking is one of the pathways affected after
PNV-enhanced BBB breakdown (Le Sueur et al., 2004). Rows of
omega-shaped indentations are formed in the adluminal and
abluminal aspect of the endothelial plasma membrane followed by
extravasation of the electron-opaque extracellular tracer lantha-
num nitrate into the neuropil interstitial space. In addition,
swollen peri-vascular end-feet processes of astrocytes and
edematous synaptic contacts are observed (Le Sueur et al.,
2003). However, it remains to be seen how transcytosis in PNV-
induced BBB permeabilized vessels is intensiﬁed.
The rise of vesicles through the brain microvascular endotheli-
um in cultures has been associated with a high expression of
caveolae frame-forming proteins (Xia et al., 2009). Caveolae are
ﬂask-shaped invaginations of the plasma membrane described as
playing important roles in endocytosis (Lajoie and Nabi, 2010),
trans-cellular trafﬁcking (Hansen and Nichols, 2010; Pelkmans and
Helenius, 2002), compartmentalization of signaling molecules
(Quest et al., 2004), regulation of the endothelium function during
blood–brain barrier breakdown (Nag et al., 2009; Predescu et al.,
2007), management of lipid homeostasis (Fielding and Fielding,
2001) and intracellular signaling (Stern and Mermelstein, 2010;
Sowa, 2012; Luoma et al., 2008). Located in the endothelial cells
and pericytes of all of the cortex micro-vessels (Virgintino et al.,
2002), caveolin-1 (cav-1) appears to be the most abundant protein
of its family and has been described as a selective marker for
caveolae (see Razani et al., 2002 for review) in the BBB
endothelium (see Zhao et al., 2014 for review). Cav-1 is formed
by two structurally distinct isoforms (a and b) (Scherer et al.,
1995), of which the alpha isoform is the most highly expressed in
the brain (Ikezu et al., 1998).
The aim of the present study was to verify whether the
increased trans-cellular trafﬁcking of vesicles found following
P. nigriventer-induced BBB breakdown involves caveolin-1a. The
hypothesis is that omega-shaped indentations present in the
capillary and venule endothelia of PNV-administered rats result
from caveolae formation and subsequently the endocytotic
mechanism used in enhanced transcytosis. In addition, a possible
age-related difference in the expression of caveolin-1a was
assessed in the white matter, granular layer and molecular layer
of the cerebellum of neonate and adult rats at early (2 h),
intermediate (5 h) and late (24 h) time periods after PNV
envenoming. These periods were associated with severe intoxica-
tion, the onset of recovery and the absence of signs of intoxication,
respectively. The present study contributes to an understanding of
the molecular changes that accompany the PNV-induced BBB
permeability and the toxic manifestations seen in victims ofaccidents involving the armed-spider. Understanding the func-
tional endothelial alterations is likely to provide innovative ways to
target the BBB in pathological conditions.
2. Materials and methods
2.1. Animals and venom
Male Wistar rats, aged 14 days (P14 - neonate group) and 8–10
weeks (adult group) were obtained from the Multidisciplinary
Center for Biological Research (CEMIB) of the UNICAMP. The adult
rats were maintained in a temperature-controlled room
(25–28 C), a 12–12 h light–dark cycle with ad libitum access to
food and water for acclimatization. One batch of lyophilized
P. nigriventer spider venom (PNV) was supplied by the Butantan
Institute (São Paulo, SP, Brazil) and stored at 20 C. It was
dissolved in 0.9% sterile saline solution (0.5 mg PNV/ml in 0.9%
sterile saline) immediately before use.
2.2. Exposure to P. nigriventer spider venom
The rats (n = 45 per age) were given an i.p. sub-lethal injection
of PNV (170 mg/kg) while rats in the control group (n = 45 per age)
received the same volume of 0.9% sterile solution. PNV dose was
selected based on previous dose-response assessment
(Mendonça et al., 2012). After 2 h (period of intense intoxication
signs), 5 h (signs that recovery from intoxication is underway) and
24 h (no sign of intoxication is apparent) (n = 5 per time period),
the animals were anesthetized with a lethal dose of a mixture (3:1)
of ketamine chloride (Dopalen1, 100 mg/kg) and xylazine chloride
(Anasedan1, 10 mg/kg) and the cerebellum was excised for the
cav-1 immunohistochemistry assay. For qPCR and western blotting
assay, the animals were euthanized by decapitation after CO2
inhalation at 2 h, 5 h and 24 h after PNV injection (n = 5 per time
period and per technique).
2.3. Imunohistochemistry (IHC)
After anesthesia and thoracotomy, the animals were per-
fused through the left ventricle with 0.9% sterile saline (150 ml
for 8–10 weeks and 20 ml for neonates), followed by 4%
paraformaldehyde in 0.1 M phosphate-buffered saline (PBS),
with a pH of 7.4 (250 ml for 8- to 10-week-old and 50 ml for
neonate rats). The cerebellum was immediately removed and
post-ﬁxed in the same ﬁxative overnight. Then, the organ was
dehydrated in ethanol series, cleared in xylene and embedded
in parafﬁn (Paraplast1, Sigma–Aldrich, St. Louis, MO, USA).
Cav-1 immunohistochemistry was performed in 5 mm thick
sections (2035 RM microtome, Reichert S, Leica), as described
by Mendonça et al. (2012) using the rabbit polyclonal primary
antibody for caveolin-1: isoform a (Santa Cruz, CA, USA – code:
SC-894; dilution, 1:500). Negative control was performed with
1% PBS-bovine serum albumin (BSA) but without the primary
antibody. The intensity of the cav-1 labeling was analyzed in
the white matter and the granular and molecular layers of the
cerebellum through the density of pixels obtained in images
captured by an Olympus BX51 photomicroscope (Japan),
equipped with Image-Pro Plus image analyzer software (Silver
Spring, MD, USA). Ten pictures per period/treatment of each
cerebellar region were taken using an objective of 40 and
ﬁxed illumination parameters. The expression of the protein
was assessed using the free access program GIMP 2.6.4 software
(GNU Image Manipulation Program, CNE, Free Software
Foundation, Boston, MA, USA), which segments the immuno-
chemical reaction by color (Solomon, 2009). Also see Mendonça
et al. (2012) and Stávale et al. (2013).
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2.4.1. Vessels
The number of vessels expressing cav-1a was counted in 10
random ﬁelds per period and treatment (2 pictures per layer, n = 5
animals) in the white matter, as well as the granular and molecular
layers using an objective of 40 (Olympus BX51, Japan).
2.4.2. Purkinje cells
Due to the reduced area of the Purkinje layer, it was difﬁcult to
count the vessels within the layer. On the other hand, a number of
Purkinje cells appeared to express cav-1, which led us to
investigate if this labeling differed signiﬁcantly in the envenomed
group relative to the control group. For that matter, 50 cells per
animal were counted (totaling 250 cells per time). Vessels and
Purkinje neurons were counted with the assistance of the
UTHSCSA ImageTool Program (by C. Donald Wilcox and colleagues
at UTHSCSA Dental Diagnostic Science, San Antonio, TX, USA).
2.5. Western blotting (WB)
After euthanasia of the animals (from the control and PNV
groups), the cerebella were removed and homogenized with a
protein extraction cocktail (10 mM EDTA, 2 mM PMSF, 100 mM NaF,
10 mMsodiumpyrophosphate,10 mMNaVO4,0.1 mgofaprotinin/ml
and 100 mM tris, pH 7.4). Cellular proteins were quantiﬁed by the
Bradford assay (Bio-Rad Hercules, CA, USA). Next, 40 mg of the
cleared lysates were separated in 12% SDS-PAGE and electro-
transferredontothenitrocellulose membrane(Bio-Rad Hercules, CA,
USA). As previously described, the total cell lysates were prepared
and analyzed by western blotting (Rapôso et al., 2012). The primary
antibody used was speciﬁc for rabbit polyclonal antibodies against
caveolin-1 isoform a (1:1000). The mouse polyclonal antibody
againstb-actin (1:1000, Sigma–Aldrich,St. Louis, MO, USA) was used
as an endogenous control. The bands were visualized through
chemiluminescence reagent (Thermo Scientiﬁc, Waltham, MA, USA)
and the density of pixels in each band was determined by Image J
1.45s software (Wayne Rasband, NIH, Bethesda, MD, USA). The
experiments were done in triplicate. The quantiﬁcation was
normalized with the corresponding value of b-actin expression.
2.6. RNA isolation and qPCR (quantitative real-time reverse
transcription-PCR)
Using Trizol reagent (Life Technologies, Gaithersburg, MD, USA),
the total RNA was extracted from the cerebellum of the control and
PNV-treated groups. As described, standard reverse-transcription
PCR was performed using total RNA (Hirota and Moro, 2006).
Quantitative real-time PCR was performed in an ABI Prism7500
Sequence Detection System (Applied Biosystems, Carlsbad, CA,
USA), using TaqMan1Universal Master Mix. GAPDH was used as an
endogenous control for normalizing the RNA levels. The primer
utilized was caveolin-1a and its assay identiﬁcation number in the
Applied Biosystem catalogue was Rn00755834_m1. The optimal
concentrations of cDNA and primer, as well as the maximum
efﬁciency of ampliﬁcation, were obtained through ﬁve-point, two-
fold dilution curve analysis for the gene. Each PCR contained 3.0 ng
of reverse-transcribed RNA, 200 nM of each speciﬁc primer, SYBR
SAFE PCR master mix and RNAse free of water to a ﬁnal volume of
20 ml. Real-time data were analyzed using the Sequence Detector
System 1.7 (Applied Biosystems, Carlsbad, CA, USA).
2.7. Statistics
The student’s t-test was used to determine signiﬁcant differ-
ences between data of the control and PNV-treated samples.Three-way ANOVA was conducted to assess the impact of the
animal’s age, the treatment and the time of venom/saline exposure
on the density of pixels (immunostaining) in the white matter,
granular layer and molecular layer of the cerebellum. Data were
expressed as mean  SEM. The signiﬁcance levelwas set at *p  0.05.
3. Results
3.1. Immunohistochemistry
Cav-1a was expressed in the endothelium of vessels in P14
(Fig. 1A) and adult controls (Fig. 1E) and respective PNV-treated
rats (Fig. 1B and F) in the white matter (WM), granular layer (GL)
and molecular layer (ML). Digitized image processing following
immunostaining color segmentation (Solomon, 2009) showed that
the expression of cav-1a was higher in the cerebellum of
envenomed rats (Fig. 1D and H) than in the control (Fig. 1C and
G) rats. However, there were region- and age-related differential
labeling dynamics after different venom administration times
(Fig. 2A–C). Given that the Purkinje layer (PL) comprises a single
cell layer formed by rows of Purkinje neurons, it was difﬁcult to
detect and count the vessels therein.
3.1.1. White matter
PNV induced signiﬁcant increases of cav-1a expression in the
WM of neonate (P14) rats over time. The increases recorded were
29% (2 h), 72% (5 h) and 95% (24 h), relative to baseline level. In
PNV-treated adult rats (8–10 weeks), cav-1a expression increased
by 68% after 2 h, 83% after 5 h and did not differ from baseline after
24 h. Three-way ANOVA revealed that the variable age inﬂuenced
the higher level of cav-1a in the WM of PNV-treated neonates after
24 h compared with adult rats (Fig. 2A).
3.1.2. Granular layer
The expression of cav-1a increased by 82% (2 h), 94% (5 h) and
44% (24 h) in the vessels of the GL of PNV-administered P14 rats,
whereas it increased by 132% (2 h), 102% (5 h) and 140% (24 h) in
adult rats. Three-way ANOVA revealed that the variable age
inﬂuenced the higher level of cav-1a in the GL of PNV-treated
adults after 24 h compared with P14 rats (Fig. 2B).
3.1.3. Molecular layer
The expression of cav-1a increased by 95%, 97% and 67% after 2,
5 and 24 h, respectively in P14 rats exposed to PNV, whereas for
adult rats, the increases were only signiﬁcant (108%) after 5 h. ML
did not exhibit age-related differences in the level of caveolin-1
after envenoming (Fig. 2C).
3.2. Number of caveolin-1-labeled capillaries
In the WM of PNV-treated P14 rats, the number of capillaries
cav-1a-labeled at 2, 5 and 24 h was 33%, 42% and 53% higher than
the controls, respectively. The corresponding number in adults was
24% at 2 h and 36% at 5 h, relative to the controls (Fig. 2D).
In the GL of P14 and adult rats exposed to PNV, the number of
cav-1a-labeled capillaries increased by 26% and 16% after 2 h, by
53% and 27% after 5 h and by 26% and 12% after 24 h, respectively,
relative to the P14 and adult controls (Fig. 2E).
In the ML, signiﬁcant increases in the number of cav-1a-labeled
capillaries occurred after 24 h for P14 (34%) and after 5 h for adult
rats (18%) (Fig. 2F).
3.3. Number of Purkinje cells labeled for cav-1
Fig. 3 shows that the number of Purkinje neurons expressing
cav-1a in PNV-treated P14 rats increased by 66% and 53% after 2 h
Fig. 1. Immunostaining for cav-1 (A, B, E, F) and selection by color performed by GIMP program (C, D, G, H) for both P14 and 8–10 weeks animals. WM = white matter;
GL = granular layer; PL = Purkinje layer; ML = molecular layer; PC = Purkinje cells; arrows = Purkinje cells intensely positive for cav-1a; arrowheads = Purkinje cells cav-1
negative. Zoom square conﬁrmed a cav-1 positive Purkinje cell (mainly close to membrane). Bars: 100 mm.
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control after 24 h. Adult rats exhibited 103%, 73% and 57% increases
in the number of cav-1a positive Purkinje neurons after 2 h, 5 h and
24 h, respectively. Fig.1A–E are illustrative of the Purkinje cells that
were immunostained for cav-1a in P14 and adult rats treated with
saline and PNV.
3.4. qPCR and western blotting (WB)
Analysis of cav-1a mRNA expression showed no change in P14
animals after PNV administration. In contrast, 8 to 10-week rats
exhibited a 20% increase after 24 h post PNV (Fig. 4A).
WB analysis of cerebella homogenates revealed a punctual and
transitory increase (after 5 h) of 18% and 15% in the total cav-1a
level in neonate and adult envenomed rats, respectively (Fig. 4B).4. Discussion
Previous studies have shown that PNV affects the BBB steady-
state by disturbing members of the neurovascular unit, such as the
endothelium, astrocytes and neurons (Le Sueur et al., 2003). This
event, also detected in smooth muscle cells of small venules and
arterioles, is accompanied by important synaptic contact remod-
eling, perivascular astrocytes end-feet cytotoxic edema (Le Sueur
et al., 2003) and vasogenic (interstitial) edema (Rapôso et al., 2007;
Mendonça et al., 2012). Previous treatment with colchicine
eradicates such effects indicating that PNV-increased vesicle
formation and trans-cellular trafﬁcking is microtubule-mediated
(Le Sueur et al., 2004). In astrocytes, PNV promotes cytoskeleton
remodeling (GFAP up-regulation), expressional increases of pro-
inﬂammatory cytokines, S-100 protein (Cruz-Höﬂing et al., 2009),
Fig. 3. Number of Purkinje cells immunostained for cav-1a in PNV (n = 5/time) and
saline (control) groups (n = 10) for P14 and 8–10 weeks animals. *p  0.05, **p  0.01
relative to pooled-control. Data were expressed as mean  SEM, student t-test.
Fig. 2. Graphic representation of cav-1a IHC analyses (panels A–C) and number of vessels cav-1 immunostained (D–F) in the cerebellum of control (n = 15) and PNV-treated
neonate (P14) and adult (8–10 weeks) rats (n = 5 per time). WM = white matter; GL = granular layer; ML = molecular layer. *p  0.05, **p  0.01, ***p  0.001 relative to
respective pooled-control. Data were expressed as mean  SEM, student t-test. #p  0.05, ##p  0.01: three-way ANOVA indicated interference of the variable age in cav-1
labeling at 24 h for WM and GL.
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formation and resolution (Stávale et al., 2013) and inhibition of
P-gp efﬂux protein (Rapôso et al., 2012). In neurons, PNV causes c-
Fos induction in several motor- and stress-related brain regions
(Cruz-Höﬂing et al., 2007).
The results of the present study include an interesting and new
ﬁnding related to the neurotoxic effects caused by PNV at the BBB.
The ﬁndings reveal that PNV acts on membrane domains
containing the main protein of the caveolae frame (Rothberg
et al., 1992). The expressional increases of endothelial cav-1a
indicate that the omega-shaped indentations at the luminal aspect
of the plasma membrane of capillaries following PNV-enhanced
BBB breakdown (Le Sueur et al., 2003) may represent endocytosis
via caveolae formation (Pelkmans and Helenius, 2002). Addition-
ally, the omega-shaped indentations at the ab-luminal aspect of
the endothelium may represent ongoing increased trans-cellular
trafﬁcking. Cav-1a is a selective marker for caveolae in the brain
endothelium. Its isoform a is the major representative in brain
vessels (Ikezu et al., 1998). Studies have shown the participation of
cav-1 in BBB fence weakening. Brain injury and the consequent
Fig. 4. Caveolin-1a (Cav-1a) mRNA analysis (panel A); immunoblots of cav-1a (Panel B) and graph representations of total cav-1a protein level (panel C) of PNV (n = 5/time)
and control groups (n = 10); P14 = neonate; 8–10 weeks = adult rats. *p  0.05, **p  0.01 relative to control. Data were expressed as mean  SEM, student t-test.
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regulation of cav-1 while its over-expression in the endothelium
promotes trans-cellular trafﬁcking of plasma proteins and
contributes to vasogenic edema in BBB breakdown models (Nag
et al., 2009, 2011). In contrast, cav-1 down-expression can prevent
the formation of edema and neuronal death (Chang et al., 2011).
The data in the present study correlate the up-regulation of the
cav-1a with putative greater caveolae-mediated microvascular
endocytosis and the trafﬁcking and leakage of certain plasma
solutes into the neuropil. This explains the extravascular diffusion
of lanthanum nitrate into the interstitial space of neuropil in the
course of BBB breakdown caused by PNV (Le Sueur et al., 2003,
2004). This hypothesis is not unlikely since recent studies have
shown that PNV inhibits P-gp efﬂux activity in cultured astrocytes,
thus allowing the entrance of toxicants into the CNS (Rapôso et al.,
2012). Furthermore, the resulting endocytotic activity from
circulating solutes and their transcellular transport explains the
edema of perivascular astrocytes end-feet and extravasation into
interstitial neuropil spaces (Le Sueur et al., 2003; Rapôso et al.,
2007). This is consistent with the PNV-induced aquaporin-4
increases (Stávale et al., 2013), an integral transmembrane protein
with a key-role in the brain water balance and K+ buffering after
neuron excitability (Nico et al., 2002; Verkman et al., 2006).
It is interesting to note that the increase in cav-1a immunos-
tained vessels herein demonstrated could also be related to a new
role attributed to caveolae as a mechanical sensor of shear stress at
the membrane (Rizzo et al., 2003). Studies have reported that cav-
1a redistribution at the cell surface, which results in molecular
changes derived from caveolae assembly/disassembly alternate
cycles, induces mechanical stress due to tension variation in the
plasma membrane (Yu et al., 2006; Nassoy and Lamaze, 2012). In
turn, membrane tension contributes to signaling mechanisms
involved in the vessel’s response to shear stress (Boyd et al., 2003).
In fact, it makes sense that the increased density of omega-shaped
indentations (caveolae-like) at the plasma membrane (Le Sueur
et al., 2003) would reﬂect redistribution of cav-1 in the brain
microvasculature thereby leading to shear stress and alteration of
membrane tension status. In line with this, caveolae would
function as a mechanotransducer, transforming hemodynamic
changes into biochemical signals for vascular function regulation
(Yu et al., 2006).The present IHC-based data showed up-regulation of cav-1a at
practically every post-envenoming time interval, whereas WB-
based data showed that total cerebellar cav-1a content only
increased after 5 h in animals of both ages. Messenger RNA levels
(qRT-PCR) only increased in adult rats after 24 h. These differences
can be attributed to technique speciﬁcity. While IHC reveals sensible
and regional alterations in cav-1a expression in the cerebellum, WB
data obtained through the maceration of the whole cerebellum
dissipate delicate local regulations of the protein. Moreover, intrinsic
regulatory mechanisms at transcriptional and translational levels
can lead to an abundance of protein and low gene expression and
vice-versa (Schwanhäusser et al., 2011). Moreover, it has been
reported that cav-1a has a very low turnover (great stability) and
that very little variation in its mRNA would be sufﬁcient to increase
proteinexpression(Paratand Fox,2001). Boydetal. (2003) described
the rise in cav-1a redistribution in vessels submitted to mechanical
tension without a corresponding increase in total protein expression
or it’s mRNA. This could also suggest thatcav-1a increases during the
post-envenoming period might not occur by neosynthesis but rather
through increased trafﬁcking from the Golgi complex to the plasma
membrane (Boyd et al., 2003).
The venom of P. nigriventer contains a plethora of Na+-, K+- and
Ca2+ channels-acting excitotoxic neuropeptides that interfere in
the handling (both release and uptake) of glutamate (Gomez et al.,
2002; Pinheiro et al., 2006). Neuron excitotoxicity induces
glutamate release by astrocytes and astrocytic glutamate in turn
activates neuronal glutamate receptors (Bergensen and Gun-
dersen, 2009; Nedergaard,1994). Previous studies have shown that
PNV activates neuron cells (cFos induction) in motor- and stress-
related regions of the CNS (Cruz-Höﬂing et al., 2007), and disturbs
synaptic contacts structure (Le Sueur et al., 2003). We suggest that
these effects that can be associated with PNV-induced glutamate
and ion channels unbalanced state. We also suggest that the
presence of membrane micro-domains expressing the main
protein of the caveolae frame in Purkinje neurons of rats
intoxicated with PNV could be associated with glutamate and
ion channel disturbances. Increasing evidence shows that lipid
rafts, caveolar ﬂask-shaped invaginations of plasma membrane
enriched with cholesterol, sphingolipids and caveolin-1 scaffold-
ing proteins are essential for synapse formation, stabilization
and maintenance (Willmann et al., 2006). These membrane
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stimulate neuronal survival and growth (Head et al., 2011). The
authors believe that neuronal increases in cav-1a expression could
be a new way to preserve, restore and enhance neuronal function
following injury. If this is the case, age-associated differences in the
cav-1a positive Purkinje cells (see Section 3.3 and Fig. 3) suggest
that adult rats could counteract the PNV toxic effects longer than
P14 rats, which could conﬁgure a better instrumental in adulthood
for preserving neuron function than among neonates. Moreover,
cerebellum development is only completely achieved after several
months of post-natal life (Altman and Bayer, 1997) and during this
period newborn rats exhibit less restrictive transport regulation at
the BBB (Risau et al., 1998), which could affect the metabolism of
venom components thus signaling neuron viability.
5. Conclusion
Considering the role of the caveolae as mechanical sensors and
vascular hemodynamics regulator, and the ability of the PNV to
promote caveolae formation, vasogenic edema and BBB break-
down, the data suggest that the up-regulation of cav-1a and the
increase of vessels immunostained with the principal caveolae-
forming protein would reﬂect changes in the biophysical
properties of cell membranes at the BBB level, associated with
increased endocytosis and trans-cellular trafﬁcking. On the other
hand, the increased expression of caveolin-1 in Purkinje cells
could be evidence of neuronal protection against the excitotox-
icity promoted by PNV. The factors that underlie the up-
regulation of cav-1a by PNV remain to be explored. The present
study proves this spider venom is an excellent tool for studying
transcytosis, which is considered the most common but least
studied route, during BBB-enhanced permeability. The ﬁndings
disclose interesting perspectives for further studies on drug
delivery by investigating the interactions between P. nigriventer
venom and caveolar specialized membrane domains. Understand-
ing the mechanisms that cause functional endothelial alterations
is likely to provide innovative ways to target BBB in pathological
conditions.
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